Introduction

Beta-glucuronidase (GUS) Staining and GUS Activity Quantification
158
The 1500 bp promoter of AST1 together with the full 5′ UTR of AST1 replaced the 159 CaMV 35S promoter in vector PBI121 to drive GUS gene expression 160 (ProAST1:GUS), and transformed into A. thaliana using the floral dip method 161 (Clough et al., 1998) . The T3 homozygous transgenic plants at different 162 developmental stages were used for GUS staining and activity assays according to the 163 methods described by Cheng et al. (2013) and Lu et al. (2007) . 164 165 Subcellular Localization assay 166 The coding sequence (CDS) of AST1 was fused to the N-terminus of the green 167 fluorescent protein (GFP) gene, under the control of CaMV 35S promoter 168 (35S:AST1-GFP) and GFP under the control of 35S promoter was also generated 169 (35S:GFP), and were transformed into A. thaliana plants. The root tips of 5-day-old 170 transgenic seedlings were visualized using a fluorescence microscope Imager 171 (Zeiss,Germany) . The construct of 35S:AST1-GFP and 35S:GFP were also 172 transformed separately into onion epidermal cells using the particle bombardment 173 method and visualized using a confocal laser scanning microscopy LSM410 (Zeiss, 174 Jena, Germany). 175 176 Overexpression and knockout of AST1 in A. thaliana 7 The CDS of AST1 was inserted into pROK2 (Hilder et al., 1987) under the control of 178 35S promoter (35S:AST1), and were transformed into A. thaliana. Empty pROK2 179 was also transformed as the control. The expression of AST1 in T3 homozygous 180 transgenic lines or SALK_038594C plants was monitored by quantitative real-time 181 reverse transcription PCR (qRT-PCR). 182 183 Stress tolerance analysis 184 A. thaliana seeds were placed on 1/2 MS solid medium supplied with 150, 185 mM 185 mannitol or 100, 125 mM NaCl for 10 days, and the proportion of seedlings survival 186 rate was calculated. The 4-d-old seedlings grown on 1/2 MS solid medium were 187 transferred to 1/2 MS medium supplied with 100 and 125 mM NaCl or 200 and 300 188 mM mannitol for 12 days, and the root lengths and fresh weights were measured. 189 Three-week-old plants grown in the soil were treated separately with 150 mM NaCl 190 or 200 mM mannitol for 10 days, and their fresh weights and chlorophyll contents 191 were calculated; total chlorophyll contents were measured following the method of 192 Gitelson et al. (2003) . mM NaCl or 200 mM mannitol for 5 days, and were used for the following 207 8 physiological measurements. Electrolyte leakage rate analysis was performed 208 following the procedures described by Fan et al. (1997) , and malonic dialdehyde 209 (MDA) was determined according to the method of Madhava et al. (2000) . Peroxidase 210 (POD) and Superoxide Dismutase (SOD) were assayed as described previously (Han 211 et al., 2008) . The water loss rate was determined according to Hsieh et al. (2013) . The 212 proline content was determined as described by Han et al. (2014) . The promoter sequences (from -1 to -1000 bp) of the genes that are upregulated by 252 AST1 were analyzed using the MEME program (http://meme-suite.org/tools/meme), 253 with the same parameters used by Bailey et al. (2006) .
255
Yeast One-Hybrid (Y1H) Assays 256 The CDS of AST1 was inserted into vector pGADT7-rec2 (Clontech) as the prey and 257 one copy of each conserved sequence predicted by MEME was cloned into pHIS2 as 258 baits (the primers were listed in Table S2 ). The positive clones were screened on 259 SD/-Leu/-Trp (DDO) or SD/-His/-Leu/-Trp (TDO) medium supplied with 3-AT 260 (3-Amino-1, 2, 4-triazole).
262
Transient Expression Assay
263
The sequences that were confirmed to interact with AST1 by Y1H were cloned 264 separately into a reformed pCAMBIA1301 vector (where 35S:hygromycion had been 265 deleted, and a 46 bp minimal promoter was inserted between the BglII site and ATG 266 of GUS) as reporter constructs (the primers were listed in Table S3 ). The 35S:AST1 10 was used as effector vector. The reporters and effector vector were co-transformed 268 into tobacco by the transient transformation method (Zang et al., 2015) , and 35S:LUC 269 was cotransformed to normalize transformation efficiency. The GUS and LUC 270 activities were determined as described previously (Lu et al., 2007) . 7-11). Consistently, qRT-PCR showed that AST1 was highly expressed in stems, 337 leaves and flowers, but had relative lower expression levels in roots and siliques 338 ( Figure 1B ). Interestingly, although AST1 was expressed in leaves, it had relative 339 higher expression in guard cells, root and leaf vascular systems ( Figure 1A8 , 12-13).
340
Under NaCl stress conditions, in leaves, the expression of AST1 was highly induced 341 at 6 to 12 h, but continually decreased after 6 h of stress ( Figure 1C ). In roots, AST1 342 was highly induced by stress for 3, 12 and 48 h, downregulated at 6 h, and recovered 343 at 24 h under NaCl stress conditions. Under mannitol stress conditions, in leaves, the 344 expression of AST1 was downregulated at 3 h, but increased continually from 6 to 12 345 h, reaching its expression peak at 12 h, after which it decreased continually ( Figure   346 1C). In roots, AST1 was slightly induced by stress for 3 to 12 h, highly induced at 24 347 and 48 h, and reached its expression peak at mannitol stress for 48 h ( Figure 1C ). 348 Consistently, determination of GUS activity in Arabidopsis plant expressing 349 ProAST1:GUS also confirmed that the expression of AST1 was significantly induced 350 in leaves and roots after exposed to mannitol or NaCl for 12 h ( Figure 1D ). These 351 results suggested that the expression of AST1 responded to salt and mannitol stress, 352 and might play a role in salt and osmotic stress tolerance.
354
Subcellular localization of AST1 355 The results showed that the GFP signal was detected in the whole cells of root tips 356 13 or root elongation zone in A. thaliana plants expressing 35S:GFP ( Figure S1A ). 357 However, the GFP signal was only detected in the nucleus of the root tips to the root 358 hair zone in A. thaliana expressing AST1-GFP ( Figure S1A ). Additionally, transient 359 transformation of onion epidermal cells also indicated that AST1 was localized in the 360 nucleus ( Figure S1B ). Taken together, these results indicated that AST1 was target to 361 the nucleus. sequence was inserted at the position that was at the 388 bp down-stream of the ATG.
367
The qRT-PCR results showed that the expression of AST1 was significantly increased 368 in the OE plants and highly decreased in the KO plants ( Figure S2 ), indicating that 369 AST1 had been successfully overexpressed and knocked-out, respectively, and that Figure S3 ). Under stress conditions, compared with WT plants, the root elongation 386 and fresh weights of KO plants were significantly reduced, but all the OE plants 387 showed significantly increased root elongation and fresh weights; the 35S plants were 388 similar to the WT ( Figure S3 ). Stress tolerance was further studied in seedlings grown 389 in soil. There was no difference in growth phenotype, fresh weights, and chlorophyll 390 content among the studied plants under normal conditions ( Figure 2B ). Under salt or 391 osmotic stress conditions, compared with the WT and 35S plants, all the OE plants 392 showed increased chlorophyll content and fresh weights, and the KO lines displayed 393 decreased fresh weights and chlorophyll contents. These results suggested that 394 overexpression or knockout of AST1 didn't affect the growth and phenotype of plants. 395 However, AST1 could regulate salt and osmotic stress tolerance positively.
397
Stomatal aperture and water loss rate analysis 398 As AST1 is highly expressed in guard cells ( Figure 1A ), we studied whether it 399 played a role in controlling stomatal apertures. Under normal conditions, all the lines 400 had similar stomatal apertures and width/length ratios ( Figure 3A ). When exposed to 401 salt and osmotic stress, the WT and 35S plants had similar stomatal apertures and 402 width/length ratios. Compared with the WT plants, the OE lines displayed decreased 403 stomatal apertures and lower width/length ratios, and the KO plants showed increased 404 stomatal apertures and higher width/length ratios ( Figure 3A ). Protein AtMYB61 was 405 found to control the stomatal aperture ( Liang et al., 2005) ; therefore, we further 406 studied whether AST1 could regulate AtMYB61 expression. The expression of 407
AtMYB61 was significantly increased in the OE plants compared with the WT and 408 35S plants, and was significantly decreased in the KO plants ( Figure 3B ). The 409 stomatal aperture is closely related with the water loss rate; therefore, we further 410 studied the water loss rates under dehydration conditions. WT and 35S lines had Determination of Na + and K + contents 418 The accumulation of Na + in root tips was visualized by CoroNa-Green, a 419 sodium-specific fluorophore. Under normal conditions, there was no substantial 420 difference in Na + accumulation among the studied plants. However, under salt stress 421 conditions, KO plants displayed substantially stronger fluorescence than the WT and 422 35S plants, and the OE plants showed the weakest fluorescence ( Figure 4A ), 423 indicating that Na + was highly accumulated in the KO plants, but was accumulated 424 lowly in the OE plants compared with in WT plants. Na + and K + contents were further 425 determined using a Flame spectrophotometer. All the studied lines had generally 426 similar Na + and K + contents under normal conditions. Under NaCl stress condition, 427 Na + was increased and K + was decreased in all plants. However, in both the leaves 428 and roots, the Na + content was highly accumulated in KO plants, followed by the WT 429 and 35S plants; the OE plants had lowest Na + level ( Figure 4B ), which was consistent 430 with CoroNa-Green staining. Meanwhile, the OE plants had higher K + levels, and KO 431 plants had lower K + level compared with those in the WT and 35S plants in both 432 leaves and roots ( Figure 4B ). The K + /Na + ratios were similar in the leaves and roots of 433 all plants under normal conditions. Under salt stress conditions, the OE plants had the 434 highest K + /Na + ratio, followed by the WT and 35S lines, and the KO plants had the 435 lowest K + /Na + ratio ( Figure 4B ). We further examined the expression of genes related 436 to Na + or K + transport, including those encoding 1 sodium transporter (HKT1), and 437 three Na + (K + )/H + transport proteins (NHX2, NHX3, NHX6), two salt overly sensitive 438 (SOS) family proteins (SOS2 and SOS3), which control plant K + and Na + nutrition. 439 The results showed that HKT1 had its highest expression in KO plants, followed by 440 that in the WT and 35S plants, and was lowest in the OE plants ( Figure 4C ). 441 Conversely, NHX2, NHX3, NHX6 and SOS2 showed their highest expression levels in 442 the OE plants, followed by the WT and 35S plants, and showed their lowest 443 expression levels in the KO plants. The expression of SOS3 was not significantly 444 different among the studied lines ( Figure 4C ).
445
Analysis of proline metabolism 447
Proline is an important osmotic adjustment substance and also plays a role in ROS 448 scavenging; therefore we measured the proline contents in the plant lines. The results 449 showed that all the lines had similar proline contents under normal conditions. 450 However, when exposed to salt or osmotic stress, the OE plants had highest proline 451 level, followed by the WT and 35S plants, and the KO plants had the lowest proline 452 contents ( Figure 5A ). We further investigated the genes involved in proline 453 metabolism, including two proline biosynthesis genes, D(1)-pyrroline-5-carboxylate 454 synthetase (P5CS) gene, p5CS1 and p5CS2; two proline degradation genes, 455 D(1)-pyrroline-5-carboxylate dehydrogenase (P5CDH) and proline dehydrogenase 456 (PRODH). When exposed to salt or osmotic stress conditions, the expression of both 457 p5CS1 and p5CS2 were increased in the OE lines and decreased in the KO lines, 458 compared with the WT and 35S lines. Conversely, P5CDH and PRODH showed the 459 highest expression levels in the KO plants, followed by the WT and 35S lines, and the 460 lowest level in the OE plants ( Figure 5B ). These results indicated that AST1 could 461 increase proline content by affecting the expression of proline metabolism genes. had the lowest SOD and POD activities ( Figure S5B ). The expression of the SOD and 500 POD genes were further studied, and the genes that have known SOD or POD activity 501 were selected for study. Under salt and mannitol conditions, the expression levels of 502 all the POD and SOD genes (except for ATSOD1) in OE plants were the highest, 503 followed by the WT and 35S, and the KO plants had the lowest expression levels 504 ( Figure S5C ). This result indicated that AST1 could induce the expression of SOD and 505 stress.
507 508 AST1 induced the expression of LEA family genes in response to salt and 509 drought stresses 510 Seven LEA (late embryogenesis abundant) family genes that had been reported to 511 be involved in abiotic stress tolerance were studied. Under normal conditions, there 512 was no difference in expression levels among the plants ( Figure S6 ). When exposed to 513 NaCl or Mannitol, except for the ABA-RESPONSE PROTEIN (ABR) gene, all the 514 studied LEA family genes displayed their highest expression levels in the OE plants, 515 followed by the WT and 35S plants, and showed their lowest expression levels in the 516 KO plants ( Figure S6 ). These results showed that AST1 could induce certain LEA 517 family genes to improve abiotic stress tolerance. false discovery rate (FDR) < 0.05) were identified, among which 65 genes were 523 upregulated and 77 genes were downregulated. These DEGs were listed in Table S6 524 and the hierarchical clustering analysis was shown in Figure S7 . Gene ontology (GO) 525 analysis showed that these DEGs were mainly involved in signaling, immune system 526 process, reproduction and cell killing in biological process ( Figure S8A ). Kyoto 527 encyclopedia of genes and genomes (KEGG) analysis showed that the DEGs were 528 mainly associated with plant hormone signal transduction and plant-pathogen 529 interaction pathways ( Figure S8B ). These results indicated that AST1 played a key 530 role in regulating these pathways. To study the motif mainly bound by AST1 in regulating gene expression when 534 exposed to abiotic stress, the MEME motif discovery tool (http://meme-suite.org) was 535 used. As shown in Figure 7 , AST1 could bind to GT2, GT3, GT4 and GT5 to active 536 gene expression, suggesting that AST1 should play an expressional activation role. 537 Therefore, the promoters of 54 genes that were highly upregulated by AST1 according 538 to the qRT-PCR and RNA-Seq analyses were employed for further study. The MEME 539 results showed that there was a 12 base conserved sequence present in most of the 540 studied promoters ( Figure 6A ).
541
Y1H results showed that AST1 could bind to this 12 base conserved sequences 542 "AGAGAGAGAAAG" ( Figure 6B ). The 1st to 8th base of the 12 base conserved 543 sequence appeared with the highest frequency and might be the core sequence of this 544 motif, therefore, they were subjected for further study. The 1st to 8th base of 12 bp 545 conserved sequences were represented by 32 types of sequences, and were all 546 subjected to Y1H assays. The Y1H results showed that only some of the eight base 547 sequences were bound by AST1; however, when the 7th base was G or the 8th was A, 548 their binding to AST1 were lost ( Figure 6B ). Therefore, the eight base sequences that 549 were bound by AST1 were represented by the consensus sequence Figure 6B ). Each reporter was co-transformed with the effector (35S:AST1) 556 into tobacco plants. The GUS/LUC ratio showed that AST1 recognized all the 557 AGAG-box sequences and the 12-base conserved sequence, but failed to bind to the 558 other sequences ( Figure 6C ). This result was consistent with that of Y1H.
559
To further determine whether AGAG-box sequences could be bound by AST1, 560 five types of AGAG-box sequences that showed highly transactivation when 561 interacted with AST1 ( Figure 6C ) were labeled with biotin as the probes, and were 562 used for EMSA. The results showed that the DNA-protein complexes were observed, 563 and the complex binds were gradually decreased with increasing the unlabeled probes 564 ( Figure 6D) , showing that AST1 could bind to these AGAG-box sequences. 565 Meanwhile, the two sequences (AGTGAGGG and GAAGAGAA) that were not 566 20 bound by AST1 according to Y1H were also studied, and EMSA result confirmed that 567 they could not be bound by AST1 ( Figure 6D ). 568 To determine whether AST1 could bind to AGAG-box in A. thaliana plants, ChIP 569 analysis was performed. Three genes whose promoters contained only AGAG-boxes 570 and no GT motifs were used for ChIP analysis. The ABR gene (AT3G02480) whose 571 promoter region did not contain both AGAG-box and GT motifs, and only contained 572 an AST1 non-recognized sequence (GAAGAGAA) was used as the negative control. AST1 binds to GT cis-acting elements 586 Previous studies showed that Trihelix proteins could bind to GT motifs, including 587 GGTTAA (GT1), GGTAATT (GT2), TACAGT (GT3), GGTAAAT (GT4), GGTAAA 588 (GT5) and GTTAC (GT6) (Green et al., 1987; Kay et al., 1989; O'Grady et al., 2001; 589 Gao et al., 2009; Yoo et al., 2010) . We first investigated the binding of AST1 to these 590 GT motifs using Y1H. The results showed that AST1 bound to GGTAATT (GT2), 591 TACAGT (GT3), GGTAAAT (GT4), GGTAAA (GT5), but failed to binds to 592 GGTTAA (GT1) and GTTAC (GT6) ( Figure 7A ). The interaction between AST1 and 593 these GT motifs were further performed in Tobacco. Three copies of each GT motif 594 were fused with 35S minimal promoter to drive a GUS gene as a reporter, and were 595 transformed with 35S:AST1 into Tobacco plants. The results showed that AST1 could 596 bind to GT2, GT3, GT4 and GT5, but failed to bind to GT1 and GT6, which was 597 consistent with the Y1H results ( Figure 7B ). 598 To further determine the bindings of AST1 to GT motifs, EMSA was performed. 599 When the GT-1 and GT-6 probe was added, only the free DNA probe was observed, 600 further indicating that GT1 and GT-6 were not bound by AST1. When GT2, 3, 4, and 601 5 sequences were respectively added with AST1 protein, the DNA-protein complexes 602 could be observed ( Figure 7C ), confirming that GT2-5 sequences all could be bound 603 by AST1. 604 To determine whether AST1 could bind to the GT motifs in A. thaliana, ChIP 605 analysis was performed. Six genes whose promoters contained only GT1, GT2, GT3, To further determine the genes regulated directly by AST1, ChIP analysis was 620 performed. The stress tolerance genes whose expressions were affected by AST1 621 according to qRT-PCR or RNA-seq were studied for ChIP analysis. The schematic 622 diagram of the promoter fragments from different AST1-upregulated genes used for 623 qChIP-PCR was shown as Figure S9 . The results showed that besides ABR, SOS3 and 624 ATSOD1, the chosen promoter regions contained AGAG-box or GT2-5 motifs of all 625 the studied genes were significantly enriched, suggesting that they were regulated 626 22 directly by AST1 ( Figure 8 ). Importantly, SOS3, ABR and ATSOD1 did not contain an 627 AGAG-box, GT2, GT3, GT4, or GT5 in their promoters, and their promoters could 628 not be bound by AST1 (Figure 8 ). Furthermore, the expressions of SOS3, ABR and 629 ATSOD1 were not affected by AST1 according to the qRT-PCR results (Figure 4 , 630 Figure S6 and Figure S5b ). These results further confirmed that AST1 could bind to 631 the AGAG-box and the GT2, GT3, GT4, or GT5 (GT2-5) motifs to regulate the 632 expression of genes. In addition, according to the ChIP results (Figure 8) , the genes 633 involving in water loss rate, ion homeostasis, and proline contents and ROS 634 scavenging capability were mainly directly regulated by AST1.
636
Discussion 637 AST1 is a GT transcription factor, whose function involved in abioic stress had not 638 been characterized previously. In the present study, we identified the motifs bound by 639 AST1 and further revealed the stress tolerance related genes regulated by AST1 and 640 the physiological changes mediated by AST1 in response to abiotic stress. 641 AST1 binds to a novel motif AGAG-box to regulate the expression of genes 642 Previous studies showed that some Trihelix proteins could bind to different types of 643 GT-motifs (Kaplan-Levy et al., 2012). However, our results showed that AST1 could 644 only bind to GGTAATT (GT2), TACAGT (GT3), GGTAAAT (GT4) and GGTAAA 645 (GT5), but not to GGTTAA (GT1) and GTTAC (GT6) (Figure 7) . Additionally, AST1 646 also binds to a novel motif, the AGAG-box, which contains eight types of sequences. 647 Among these sequences, when the sequences "AAAGAGAG", "AGAGAGAG", 648 "GGAGAGAG" and "GATGAGAG" were present, AST1 showed relatively higher 649 activation of gene expression ( Figure 6C ). By contrast, when the other four 650 sequences, "GAAGAGAG", "GGTGAGAG", "AATGAGAG" and "AGTGAGAG", 651 were present, AST1 showed relatively lower gene expression activation ( Figure 6C ). 652 These results suggested that AST1 might show higher binding affinities to 653 "AAAGAGAG", "AGAGAGAG", "GGAGAGAG" and "GATGAGAG" compared 654 with those to "GAAGAGAG", "GGTGAGAG", "AATGAGAG" and 655 the third nucleic acids, indicating that these three nucleic acids might be relatively 657 important for AST1 binding. 658 We screened the frequency of the occurrence of the AGAG-box and GT2-5 motifs 659 in the promoters of genes regulated by AST1, including the 24 genes identified by 660 qRT-PCR, and the 62 genes that were upregulated by AST1 according to RNA-Seq. 661 Among these promoters, 58% (50 genes) contained AGAG-box motifs, and 65% (56 662 genes) contained different GT2-5 motifs. The occurrence frequencies of AGAG-box 663 and GT2-5 motifs were similar, suggesting that like the GT motifs, the AGAG-box 664 also played a very important role in AST1-mediated gene expression. 666 We studied the binding of AST1 to different GT motifs or AGAG box in Tobacco 667 plants. The results showed that AST1 could bind to AGAG box and GT2-5 to activate 668 the expression of GUS gene ( Figure 6C ; Figure 7B ), suggesting that AST1 should 669 serve as a gene expression activator when binding to these motifs.
665
AST1 binds to AGAG box and GT motifs serving as a transcriptional activator
670
The physiological response mediated by AST1 671 Plant guard cells form stomatal pores that played important roles in CO 2 uptake for 672 photosynthesis and in transpirational water loss. Transpiration accounts for most of 673 the water loss in plants. Plants reduce transpirational water loss by inducing stomatal 674 closure in response to drought stress (Munemasa et al., 2015) . In the present study, we 675 found that AST1 was highly expressed in guard cells ( Figure 1A) , and induces 676 stomatal closure to reduce water loss ( Figure 3 ). Previous studies showed that 677 AtMYB61 directly controls the stomatal aperture (Liang et al., 2005) . Our study 678 showed that AST1 could upregulate the expression of AtMYB61 directly ( Figure 3B   679 and Figure 8 ). These results indicated that AST1 controlled stomatal closure and 680 opening by regulating AtMYB61 expression directly, thereby aiding water stress 681 tolerance.
682
Maintenance of K + /Na + homeostasis was quite important for plant salt tolerance 683 (Sergey et al., 2007) . Our study showed that AST1 reduced Na + accumulation and 684 decreases K + loss (Figure 4) . Meanwhile, AST1 also regulated genes involved in Na + 685 and K + homeostasis, including HKT1, NHX2, NHX3, NHX6 and SOS2 (Figure 8) .
These results indicated that AST1 could reduce Na + accumulation and decrease K + 687 loss by regulating the expressions of Na + and K + transporter genes, which will 688 contribute to alleviating salt stress. 689 Proline is the main solute used in osmotic potential adjustment. In A. thaliana, The plant LEA family proteins, which are important for abiotic stress tolerance, 710 stabilize the cell membrane, and serve as molecular chaperones or shield to prevent 711 irreversible protein aggregation caused by abiotic stress, thus protecting the plant 712 from damage (Serrano et al., 2003) . Some LEA family proteins that had been 713 confirmed to play a role in stress tolerance were studied here, and AST1 was found to 714 induce the expression of most of the studied LEA genes ( Figure S6 and Figure 8 ). 715 Therefore, these LEAs highly expression would contribute to improve abiotic stress 716 25 tolerance. Therefore, one of pathways that AST1 improved salt and drought tolerance 717 was to induce the expression of LEAs involving abiotic stress tolerance. 718 In conclusion, our data suggested a working model for the function of AST1 (2) Mannitol   ABR  SOS3  ATSOD1  SOD2  FSD1  AT1G71695  PRX37  AtMYB61  P5CS1  P5CS2  NHX6  NHX3  NHX2  LEA3  LEA14  ATCOR47  COR15  PER4  AT1G24110  PRX72  AT5G58400  LEA7  ERD10  AT5G14410  AT1G27710  AT1G04770  AT3G24860  AT5G22460  LSU1 
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